genes among rhizobia mainly from legumes of the tribe Podalyrieae, suggesting HGT 94 as an importance force in the evolution of South African Burkholderia. Interestingly, 95
Burkholderia species isolated from native legume species from the Brazilian 96 Cerrado/Caatinga biomes, another major biodiversity hotspot for Burkholderia 97 dominated by a distinct legume flora (South American Mimosoideae versus South 98 African Papilionoideae), are genetically different in terms of nodulation genes and 99 appear not be subjected to the same levels of HGT (Bontemps et al., 2010; Bournaud 100 et al., 2013) . 101
In contrast to Burkholderia, only a handful of studies have focussed on the diversity 102 of South African Alphaproteobacteria, such as Mesorhizobium (Gerding et al., 2012; 103 Hassen et al., 2012; Kanu & Dakora, 2012) , which are largely underestimated in 104 terms of diversity (Lemaire et al., 2015) , but co-exist as a dominant group with 105
Burkholderia in the acidic and oligotrophic Fynbos soils. The study of Lemaire et al. 106 (2015) also demonstrated that most isolated Cape mesorhizobia were distantly related 107 to known reference species. Although HGT have been widely described in 108
Mesorhizobium (Kaneko et al., 2000; Sullivan et al., 2002; Nandasena et al., 2006 Nandasena et al., , 109 2007 , the occurrence and degree of HGT within the evolution of these putatively new 110
Mesorhizobium lineages remains to be tested in the Fynbos. 111
Similar to nodulation and nitrogen fixation genes, the ACC deaminase (acdS) gene is 112 prevalent in rhizobia, playing an ecological role for plant growth and nodulation via 113 the reduction of deleterious ACC levels (referred to as 1-aminocyclopropane-1-114 carboxylate and considered as an ethylene precursor) in plants (Ma et al., 2003 (Ma et al., , 2004 115 Glick et al., 2007; Conforte et al., 2010; Nascimento et al., 2012a Nascimento et al., , 2012c . The acdS 116 gene is also located on transmittable genetic elements (symbiosis islands) and has 117 been previously shown to evolve via HGT in diverse bacterial groups, including 118
Mesorhizobium (Hontzeas et al., 2005; Blaha et al., 2006; Nascimento et al., 2012b) . 119
In Fynbos mesorhizobia, however, the occurrence of the acdS gene, the degree of 120 HGT, and its potential use for phylogenetic reconstruction has never been 121 investigated. 122
Homologous recombination is another common driving force for prokaryotic 123 evolution (Didelot & Maiden, 2010) , diffusing genetic material or creating new allele 124 combination throughout bacterial populations (Fraser et al., 2007) . In were generated with primers listed in Table S2 , following the PCR conditions as 163 described by the authors. Amplified products were purified using the Exo/Sap enzyme 164 cleaning protocol (Werle et al., 1994) and sent to the Macrogen sequence facility 165 (Macrogen, The Netherlands), using the same PCR primers for sequencing. All 166
GenBank accessions numbers are listed in Table S1 . 167
Sequence reads were edited, assembled and aligned in Geneious Pro v.5.1.7 168 (http://www.geneious.com). Alignments were subjected to phylogenetic analyses, 169 using Maximum Likelihood (ML) and Bayesian Inference (BI) criteria, both carried 170 out on the CIPRES web portal (http://www.phylog.org). ML analyses were done with 171
RAxML-VI-HPC v.2.2.3 using GTR-GAMMA as the most complex substitution 172 model available (Stamatakis, 2006) . A multi-parametric bootstrap resampling of 1000 173 pseudo-replicates was plotted onto the previously selected best-scored ML tree. 174
Model selection for the Bayesian analyses was conducted with MrModeltest v.3.06 175 MrModeltest selected the general time reversible (GTR) model of DNA substitutions 177 with gamma-distributed rate variation across invariant sites. This best fitting model of 178 DNA substitution was applied for each separate dataset. In the combined BI analyses, 179 the multiple-gene dataset was partitioned and the same models were assigned to 180 separate unlinked partitions. BI analyses were carried out using MrBayes v.3.1 181 (Ronquist & Huelsenbeck, 2003) , running four Markov chains (one cold and three 182 heated) simultaneously for five million generations. Conservatively, 25% of the first 183 trees sampled were regarded as 'burnin' and discarded. Convergence of the chains 184 was checked using Tracer v.1.4 (Rambaut & Drummond, 2007) . Argyrolobium (tribe Genisteae) and Indigofera (tribe Indigofereae). Only one 248
Aspalathus symbiont (Mesorhizobium sp. 31) was found in the Otholobium-Psoralea 249 clade. The grouping of nodulation genes, according to the host was reflected by high 250 sequence divergence in the nodA (72.3 % mean sequence similarity) and nodC (80.2 251 % mean sequence similarity) datasets. Moreover, for nodB, none of the Psoralea or 252
Otholobium isolates could be amplified (except for Mesorhizobium sp. 5462) ( Table  253 S1), suggesting that the used primers are not suitable for rhizobia of the tribe 254 Psoraleeae, which have probably too diverged nodB genes. previously isolated from Fynbos legumes (Beukes et al., 2013) . One Burkholderia 284 isolate was related to B. sartisoli, which has never been isolated from root nodules. 285
Similarly for Mesorhizobium (Fig. S3) we showed that only one strain was 286 conspecific to Mesorhizobium chacoense (symbionts of Otholobium bracteolatum 287 42), placing the remaining isolates in distinct phylogenetic clades unrelated to any 288 reference Mesorhizobium species. These mesorhizobia isolates are most likely new 289 species as previously suggested by Lemaire et al. (2015) . 290 291
Incongruence between chromosomal and symbiosis genes 292
Phylogenetic relationships of the chromosomal genes were largely inconsistent with 293 the nodulation genes for both Burkholderia (Fig. 1) and Mesorhizobium (Fig. 2) . Burkholderia and Mesorhizobium datasets, mapping the nodulation gene tree on the 301 chromosomal gene phylogeny (Fig. S5) . The co-divergence approach estimates the 302 maximum number of co-speciation events and visualizes all solutions by introducing 303 a minimum number of non-co-speciation events (duplication, host-switch and sorting 304 events) on the nodulation gene tree. For Burkholderia, 8336 equal cost solutions were 305 recovered with co-speciation events ranging between seven and nine, and a total cost 306 of 36 for 18 events of host switches/duplications. A similar degree of non-parallel 307 evolution was also observed for the Mesorhizobium analyses, revealing 6432 equal 308 cost solutions with six co-speciation events and 22 lateral transfers/duplications (cost 309 = 44) ( Fig. S5 ). Topological congruence (vertical inheritance/parallel evolution) was 310 further statistically examined with a randomization tests (Fig. S6 ), providing evidence 311 to reject the null hypothesis of random relationships for both gene phylogenies (P < 312 0.01). Despite large-scale symbiosis-gene transfers, the overall chromosomal and 313 symbiosis topology shares a significant number of co-divergence, indicating that 314 events of parallel evolution occurs more frequently than we would expect purely by 315 chance. 316 317
Recombination in Mesorhizobium and Burkholderia 318
The frequency and relative impact of recombination on the evolution of housekeeping 319 genes was assessed using the ClonalFrame approach (Didelot & Falush, 2007) . 320
Recombination frequencies were estimated for the Mesorhizobium and Burkholderia 321 datasets, comprising similar levels of genetic divergence with the lowest sequence 322 similarity of 90% for both rhizobial groups. For the Mesorhizobium dataset (n = 28 323 strains), the r/m and ρ/θ values were 11.81 (7.52, 16.01; 95% CI) and 2.62 (1.73, 2.91; 324 95% CI), respectively, implying recombination rather than mutations as predominant 325 contribution to the evolution among the tested regions of the Mesorhizobium strains. (Mesorhizobium sp. 31R1-31R2) was observed between the acdS and nodulation gene 347 trees ( Fig. 2-3) . 348
The acdS sequence of the Rhizobium isolate was placed as a sister group to the 349 Mesorhizobium spp., although this relationships is not supported (Fig. 3, S7 (Kim et al., 2006) . 360
Discussion 362

Horizontal gene transfer of symbiosis genes among rhizobia of the Fynbos biome 363
Extensive incongruence between phylogenies of nodulation and chromosomal genes 364 Crotalarieae/Genisteae (Fig. 2) ; all symbionts of the legumes of Otholobium and 387
Psoralea (tribe Psoraleeae) were clustered within a monophyletic group, while all 388
Aspalathus (tribe Crotalarieae) and Argyrolobium (tribe Genisteae) symbionts were 389 placed in a clade with distinct nodulation and nitrogen fixation genes, except for one 390
Aspalathus symbiont (accession 31). While the nod gene phylogenies of mesorhizobia 391 are strongly aligned with the host, at least at tribal (but not generic) level, it does not 392 explain the complex evolutionary history of nodulation genes for Burkholderia, which 393 were all originally isolated from the same host Podalyria calyptrata. In previous 394 studies, the association between Burkholderia isolates and the host was not strong, 395
showing one Burkholderia species nodulating diverse host species from different 396 legume tribes and genera (Beukes et al., 2013) . Host range studies confirmed the 397 aspecificity of the Burkholderia-legume interaction, showing one rhizobial strain able 398 to form effective nodules in various legume species (Gyaneshwar et 
Role of recombination in Fynbos rhizobia 425
The rates of recombination relative to those of mutation showed similar results of 426 recombination for Mesorhizobium and Burkholderia strains, indicating a high impact 427 of homologous recombination or low mutation rates. The ratio of the probabilities that 428 a given nucleotide is changed by recombination or mutation (r/m) is roughly eleven 429 and seven for the Mesorhizobium and Burkholderia isolates, respectively. Although 430 similar high values of recombination relative to mutation (r/m = 2-10, sensu Vos & 431 Didelot, 2009 ) have been recorded in many rhizobial groups (e.g. Tian et al., 2010 Tian et al., , 432 2012 In Mesorhizobium, acdS has been reported in many species, which are shown to be 468 prone to HGT, most likely through symbiotic island exchange (Nascimento et al., 469 2012b; Laranjo et al., 2014) . In the study of Nascimento et al. (2012b) , the acdS tree 470 revealed similar relationships in comparison to the symbiosis gene trees and correlates 471 well with the host range, rather than the 16S rRNA phylogeny. In the current study, 472 few congruent relationships were observed between the acdS, housekeeping and 473 nodulation gene trees, indicating that ACC deaminase genes of these South African 474
Proteobacteria are extensively subjected to HGT with genes on transmittable 475 elements (i.e. plasmids and symbiotic islands) being prone to such different 476 evolutionary histories. Future genome studies are needed to investigate the genome 477 characteristics and the exact location of the acdS gene within the multipartite genome; 478 a genome arrangement prevalent among plant-associated symbionts (Harrison et al., 479 2010; Landeta et al., 2011) . It is also important to note that the genes located on 480 accessory replicons or smaller chromosomes may evolve at a higher substitution rate 481 compared to genes present within the larger primary chromosomes (Cooper et al., In this multilocus sequence analysis, we provided phylogenetic evidence for 499 horizontal transfer of plasmid located genes within species of Burkholderia and 500 Mesorhizobium, and extensive exchange of housekeeping genes through homologous 501 recombination. No evidence of HGT between alpha-and beta-rhizobia was observed. 502
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